Context: Urine specific gravity (U sg ), measured by a handheld manual refractometer (MAN), has been recognized as a valid and practical means of assessing hydration status. Newer, digital refractometers are faster and more user friendly but have not been validated against the traditional MAN.
Compared with a traditional manual refractometer, digital refractometers offer a practical, easy-to-use measure of urine specific gravity. Digital refractometers may underestimate hydration status, especially as dehydration increases. This potential underestimation should be recognized when precise urine specific gravity measures are needed, as in weight-class sports.
A ccurately assessing hydration status is an important factor in detecting hypohydration and preventing subsequent performance deficits, such as decreased time to fatigue, 1,2 increased rate of perceived exertion, 3 decreased resistance-exercise performance, 4 increased thermal strain, 5, 6 and increased cardiovascular strain. 7, 8 Plasma osmolality is sometimes referred to as the criterion measure of hydration status; however, it requires collecting a blood sample, which must be centrifuged and analyzed using an expensive osmometer, and the results can be influenced by a variety of factors. 9 Practical methods to monitor hydration status should be noninvasive and require little technical expertise. Additionally, to be useful in clinical settings, assessment instruments should be portable and inexpensive and provide results in a short amount of time. Therefore, the National Athletic Trainers' Association and American College of Sports Medicine advocate educating athletes to monitor hydration status through body mass changes and urine color. 10, 11 These are also the most common methods used to measure hydration status in athletes. 9, 10 Another measurement that clinicians commonly use to assess acute hydration status is urine specific gravity (U sg ). 10 Urine specific gravity refers to the density (mass per volume) of a sample in comparison with distilled water. 12, 13 Urinary concentration is determined by the number of particles (electrolytes, phosphate, urea, uric acid, proteins, glucose, and radiographic contrast media) per unit of urine volume with consideration for urine temperature. 13, 14 Fluid denser than water has a specific gravity > 1.000. 12 Urine reagent strips and urinometers have been used to assess U sg ; however, refractometery is the only technique that has consistently been shown to be highly correlated with urine osmolality, [15] [16] [17] [18] [19] [20] a more technical and expensive hydrationassessment technique.
Provided no errors are made by the measurer, the traditional manual clinical refractometer (MAN) offers a fairly quick (<1 minute per sample) and precise reading of U sg. Possible user errors include poor calibration, sample contamination, not cleaning the daylight plate or prism surface completely between samples, and misreading the metered scale displayed in the viewfinder. Digital refractometers have been introduced as a more convenient method to measure U sg that decreases the time needed to assess the value. The automaticity of the digital refractometer reduces the risk of some of the potential user errors. Yet we are unaware of any published studies that have examined the validity of digital refractometers compared with the MAN. The purpose of this research was to compare the reliability and validity of 2 popular digital refractometers and a MAN.
METHODS

Participants
We recruited a sample of convenience from a local university in the southeastern United States (n = 82; males = 37, females = 45; age range = 18-40 years). Participants included students, faculty, and athletes who were approached by a member of the investigative team and asked if they could provide a urine sample. No instructions were provided to participants regarding hydration practices. We sought heterogeneous and spontaneous samples from individuals in their natural environment throughout the day. Participants, in various hydration conditions, provided either 1 or multiple urine samples over 5 months. There were no inclusion or exclusion criteria for participation in this study. Institutional review board approval was obtained from the primary author's institution (University of South Carolina, Columbia), and participants read and signed an approved informed consent before the study.
Instruments and Procedures
We used 2 popular digital refractometers and a MAN in this investigation. The first digital type features a ''penlike'' body (DIP; model PEN-PRO; Atago Co, Ltd, Tokyo, Japan) with the prism located at the tip of the refractometer, requiring the tester to dip the prism into a sample of urine for analysis. The second digital refractometer technique requires a urine sample !0.3 mL to be pipetted (PIP; model PAL-10S; Atago Co, Ltd) on the prism. The measurement values for both digital refractometers are available in less than 3 seconds, allowing samples to be tested rapidly, and both devices automatically control for sample temperature.
21, 22 The MAN (model REF312; Atago Co, Ltd) requires a urine sample to be pipetted onto the prism, the cover plate to be closed, and the prism pointed toward a light source. The researcher looks through a viewfinder at a metered scale to determine the specific gravity of the sample. Each urine sample was analyzed on each refractometer according to the manufacturer's instructions by the same researcher in duplicate, with the average of the 2 measures being used for analysis. Before use, each refractometer was calibrated with distilled water, and samples were analyzed immediately after collection.
Statistical Analyses
We calculated Spearman q correlations to determine relationships among the 3 refractometer models. BlandAltman analysis was used to determine mean estimation bias and direction and 95% limits of agreement among refractometers. The SPSS statistical software (version 19.0; IBM Corp, Armonk, NY) was used for all statistical analysis. Additionally, the diagnostic validities of the DIP and PIP were compared with the MAN, which served as the criterion measurement; a U sg value of 1.020 was the upper limit classification of euhydration. Sensitivity and specificity were depicted in a receiver operating characteristic (ROC) curve and a contingency table. An a level of .05 was used to determine significance for all analyses.
RESULTS
We assessed a total of 124 urine samples using all 3 refractometers. Correlations between each of the refractometer comparisons were strong and significant (Table 1) . Mean error bias was minimal for both the DIP and PIP; however, examination of individual data revealed multiple samples with significant error (ie, difference ! 0.005) for both digital refractometers (Table 1) .
Results for the Bland-Altman analysis can be seen in Figures 1 and 2 . The downward slopes of the lines of best fit for the DIP (Figure 1 ; r = À0.89; P < .001) and PIP ( Figure 2 ; r = À0.84; P < .001) show underestimation bias for the digital refractometers, with increasing U sg values compared with the MAN. Underestimation bias was particularly prevalent when U sg approached 1.025. However, the tight 95% upper and lower level-of-agreement lines suggest that the amount of error (60.003) would not make a significant practical difference when a clinician was simply trying to determine an athlete's general hydration state in a field environment. Conversely, the disagreement between refractometers is great enough to advocate that the MAN would be preferable in laboratory settings when greater precision is desired.
Accuracy is also important when determining hydration status for participation eligibility in weight-class competitions such as wrestling. The agreement between MAN compared with the DIP and PIP using U sg 1.020 as the definition of euhydration is shown in Table 2 . 10, 11 Less than 5% and 7% of the DIP and PIP samples, respectively, produced classification inaccuracies compared with MAN. All but 1 misclassification erred on the side of underestimating dehydration with the DIP and PIP in comparison with MAN, which are denoted with special data symbols in Figures 1 and 2 . The specificity and associated sensitivity are also displayed in the ROCs in Figure 3 . The ROCs represent the predicted relationship between true-positive (ie, individuals classified as dehydrated by PIP or DIP and confirmed by MAN) and false-positive rates (ie, individuals classified as euhydrated by PIP and DIP but dehydrated by MAN). On an ROC curve, the straight line from the lower left corner to the upper right corner represents a diagnostic tool that was no better a predictor than pure chance (ie, 50% chance of correct diagnosis). Any portion of the curve that passes underneath this line represents a test that was a worse predictor. The closer the ROC moves to the upper left corner of the chart, the greater the chances are that the test will represent the correct diagnosis. The ROCs for both DIP and PIP demonstrate the strong prediction performance of each technique in estimating hydration status consistent with the standard MAN technique. Further, the DIP and PIP methods, which provided ROC areas of 0.999 and 0.992, respectively, did not differ in their diagnostic performance (P = .20). 23 
DISCUSSION
Athletic trainers are encouraged to monitor hydration status through body mass changes and U sg . 10 Monitoring hydration status may reduce the risk of developing heat illnesses, 10 decrease performance decrements associated with hypohydration, [1] [2] [3] [4] [5] [6] [7] [8] and prevent disqualification for weight-categorized sports. 14 have repeatedly demonstrated that refractometry is the gold standard for measuring U sg compared with other instruments, such as urinometers or reagent strips. Traditionally, refractometry has been assessed using a MAN; however, this method adds subjectivity to the measure and lends itself to possible user errors. Digital refractometers mitigate or eliminate many of these error sources and allow for numerous U sg measurements to be assessed quickly when turnover time is critical, such as during registration in weight-class sport competitions. Digital refractometers are more costly than the MAN, and limited data 26 are available on the reliability and validity between the MAN and digital refractometers. With their rapid result generation and userfriendly design, digital refractometers have become increasingly popular. Our purpose was to investigate the validity of 2 digital refractometers compared with a MAN.
Measurements from both the DIP and PIP were strongly correlated with those from the MAN and displayed acceptable levels of mean error bias (Table 1) , supporting the manufacturer's accuracy claim of 60.001.
21,22 However, despite the strong correlations, as U sg measures increased (ie, indicating greater levels of dehydration), our results showed a greater tendency for both digital refractometers, and particularly the PIP, to underestimate U sg compared with the MAN (Figures 1 and 2) . Although inconsistencies between the DIP and the MAN were evident in our investigation, they appeared to be less pronounced than noted by Niemann, 26 who found that the DIP measurement was correlated with urine osmolality (r = 0.81) but not as strongly as with the MAN measurement (r = 0.94). Not unexpectedly, Niemann's results 26 and ours demonstrate that discrepancies in measurement of U sg will be found between MAN and digital refractometers.
Although few researchers have studied the use of digital refractometers in human populations, comparisons within veterinary medicine have been investigated. Bennett et al 27 found that a MAN refractometer measured significantly higher feline U sg than a digital model, with a mean difference of 0.003 indicated by Bland-Altman analysis. Similar results were found in canines, where MAN a Based on the classification that 1.020 = euhydration and >1.020 = dehydration. measurements were higher than digital measurements (mean difference = 0.001, P < .001). 28 Additionally, measurements from both MAN and the digital refractometers were strongly correlated with osmolality in canines (r = 0.98 and r = 0.98, respectively) 28 and felines (r = 0.96 and r = 0.97, respectively). 27 Although animal urine is not identical to human urine, these studies show statistical differences between the measurements obtained with the MAN versus the digital refractometers.
For athletic trainers who require precise measurements (ie, clinicians working with wrestlers and researchers using hydration indices as outcome measures), the underestimation and potential error from digital refractometers should be concerns. The ROC analysis reveals excellent diagnostic agreement between measurements obtained from the MAN and the digital refractometers (Figure 3) , but approximately 5% of the samples for both the PIP and DIP were misclassified when we used a MAN U sg marker of 1.020 to define euhydration. All but 1 misclassification erred on the side of underestimation by the digital refractometers, which was not unexpected given the bias in agreement exhibited in the Bland-Altman analyses (Figures 1 and 2) . Clinically, these results suggest that a small percentage of athletes who would be classified as hypohydrated with the MAN would not be classified as hypohydrated with the digital refractometers.
We experienced some problems using each of the digital refractometers. First, despite following the manufacturer's directions, we sometimes had to make several attempts before obtaining a PIP reading. This appeared to be due to the amount of urine on the prism or the brightness of lighting in different areas of the laboratory (ie, despite being in the same laboratory, the refractometer showed a lighting error, which required the researcher to change the angle of the prism so that it was directly under the fluorescent lighting). Second, the DIP requires a greater amount of sample in the specimen cup for the prism to be adequately covered, compared with the 2 to 3 drops needed by the MAN or PIP. This is a drawback when measurements are needed from individuals who are hypohydrated and cannot provide a substantial amount of urine. As with the PIP, we experienced difficulty obtaining a reading from the DIP when measuring in areas of the laboratory with different types of lighting.
Limitations
The major limitation of our investigation and of previous research 26 is that we were unable to compare U sg measures with plasma osmolality, which some consider a more accurate hydration criterion reference. 29 As such, we were able to compare only the results from the DIP and PIP with those from the MAN, which is a valid and reliable method to assess hydration status when plasma osmolality cannot be determined. 13, 29 Additionally, we did not control for the presence of glucose, protein, or blood in the urine, which may alter U sg results 13 ; however, because we were comparing 3 refractometer measures, we believe that this factor had little effect on our results.
Future Research
Urine specific gravity is suggested to lag behind plasma measures when significant alterations in hydration status occur over a brief time period. 29 This lag could explain the differences between U sg and plasma osmolality if fluid intake and hydration status are not controlled. Therefore, controlled laboratory studies comparing U sg measures in euhydrated and hypohydrated participants should be conducted. Future researchers should also examine the reliability and validity of digital refractometers compared with plasma osmolality in a variety of clinical and field settings. For example, athletic trainers may measure U sg in locker rooms, bathrooms, or gyms, where lighting is poor and other confounding factors (eg, hydration status, diet, supplements) may alter the accuracy of these measures.
CONCLUSIONS
Our study was unique in that we examined measurements from 2 digital refractometer models that have not, to our knowledge, previously been validated in the literature. Overall, both the DIP and PIP measurements were reliable and valid compared with the MAN measurements; the DIP displayed a trend toward less error and misclassification of hydration status. Despite a strong correlation, the BlandAltman analysis suggests a bias for the DIP and PIP measurements as U sg increases. Clinicians using the PIP or DIP should be aware of potential error during hydration assessment, especially when determining qualification for participation (ie, wrestling).
